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Abbreviations Executive summary
This paper is part of the Europe Aid Project 'Bioenergy, sustainability and trade-offs: Can we avoid deforestation while promoting bioenergy?' The purpose of the research was to create an improved analysis of the potential of sustainable forest-based bioenergy for climate change mitigation.
To do so, the authors have improved on an existing estimate of land use change and greenhouse gas emissions from biofuels from Havlík et al. (2011) .
That study assessed all land use changes (direct and indirect) that will occur in the future as a result of including biofuels in the market demand for land. The land use changes (LUCs) caused by biofuels, and the greenhouse gas emissions connected to these changes, are estimated in the study by projecting land use changes under scenarios that include biofuels (first generation, second generation, or a mixture) and a no-biofuels scenario. The impact of biofuels in terms of land use change emissions is assessed as the difference between biofuel scenarios and non-biofuel scenario.
This paper improves the estimates from Havlík et al. by:
• Adding emissions from changes of dead wood, litter and soil organic carbon (DWLSOC) to the emissions estimate for live biomass; • Adding a sensitivity analysis of emissions to both the assumed DWLSOC carbon stocks and life cycle assessment of the non-LUC emissions; • Investigating different options for accounting for the emissions from biofuels; and • Investigating the timing of emissions from biofuels in comparison to the emissions from fossil fuels by presenting time series rather than cumulative emissions over a given time frame.
It is clear from Havlík et al. that the emissions from biofuels are dominated by the assumed technology adoption scenario. The Havlík study found that the emissions from biofuels can vary by more than an order of magnitude depending on assumptions about the adoption of technology to create liquid biofuels from cellulosic material (second generation biofuels). This conclusion is beyond the scope of our analysis, but we restate it here so that our conclusions can be viewed with the right perspective.
Nevertheless, including DWLSOC in the estimate of emissions from the adoption of biofuels is important. The significance is directly related to the amount of deforestation predicted by the LUC model. We found that including DWLSOC increased greenhouse gas emissions from biofuels by 21%. This result is relatively sensitive to the parameters used to describe the DWLSOC dynamics, primarily because the parameters are not well known (usually ± 50%). On the other hand, even though emissions from the non-LUC component are quite substantial-about 25% of total emissions-the non-LUC parameters are more accurate than the DWLSOC parameters. The total cumulative emissions are less sensitive to this uncertainty.
On the topic of accounting approaches, we reiterate that the approach currently adopted by the IPCC and international community does not allocate emissions from the combustion of bioenergy in the energy sector. Rather, emissions from bioenergy are included in the land use sector if the bioenergy causes decreases of carbon stocks. As a result, this approach:
• Does not properly allocate emissions to the region in which they occur; and • Captures the true emissions from the use of biofuels very poorly, if only Annex I countries participate in an accounting target.
There are alternatives such as 'point-of-uptake and release', which perform these two tasks better.
Perhaps our most striking result is that emissions from the adoption of biofuels in the Havlík model 'baseline' scenario (60% first generation, 40% second generation) are more than the emissions from the fossil fuels that they displace, even though bioenergy is carbon neutral in the long term. This result occurs only if one analyses the timing of emissions and not the life-cycle emissions. It occurs because every addition of biofuels causes an associated emission with a 'payback' period. If the growth of biofuel consumption is large, the year-over-year emissions from biofuels may always be more than the fossil fuels they are intended to displace.
Current climate mitigation policies are likely to become a strong driver of increased demand for renewable energy sources and particularly for bioenergy. Therefore, it is becoming more and more important to assess the potential amount of biomass that will be available for future energy production and the costs, in terms of greenhouse gas (GHG) emissions, connected to extraction of these potentials. The estimate of emissions produced by different bioenergy sources is important for evaluating the advantages of biomass-based energy compared to fossil fuel use. This allows promotion of energy sources that are the most advantageous for climate mitigation.
During production of bioenergy, different types of GHG emissions are released in the atmosphere. These emissions are produced at different stages of the bioenergy life cycle by different processes (production, conversion, distribution, consumption). One of the most uncertain sources of GHG emissions from bioenergy is land use change (LUC) that occurs as a result of including biofuels in the market demand for land. For instance, when bioenergy comes from dedicated annual or permanent crops, land that was previously used for other purposes is converted to bioenergy production. This is known as direct land use change (dLUC). As a consequence, we can expect land use changes to occur globally when the demand for bioenergy increases. When land use is changed, carbon stocks in living biomass, dead organic matter and soil also change. Depending on the type of land use conversion, carbon might be sequestered from or released to the atmosphere.
This dLUC can also cause indirect land use changes (iLUC) as economic forces adjust to changes in demand and supply of biomass for food and fibre. The amount and location of iLUC is difficult to predict because it depends on many factors, such as competition with other uses (e.g. food production) and market and policy scenarios. Nevertheless,
Introduction
models have been developed that can assess the impact of different bioenergy use projections on land use, and these are continuously improved.
A further step is calculation of the carbon stock changes, i.e. the carbon emissions, connected to the land use changes. The number of carbon pools included in the assessment is one of the factors that can strongly affect the final results. The period during which the carbon stock changes occur can also affect the estimates, which are usually done over certain time horizons.
Structure and scope of the working paper
This paper aims to provide an improved analysis of the capability of sustainable forest-based bioenergy (particularly biofuels) to mitigate climate change. For this purpose, we first present a short overview of existing estimates of bioenergy potentials and emissions connected to these potentials to help identify assessment gaps. As a second step, starting from one existing study, we provide improved estimates of emissions from land use change caused by biofuels by:
• Including carbon pools that were previously neglected (dead wood, litter and soil); and • Showing the development over time of emissions from biofuels and comparing these time series to fossil-fuel emissions.
Sensitivity tests are performed to identify factors that significantly affect the results.
As a final step, we use the improved estimates to show how emissions from bioenergy can be accounted for under different accounting systemsin particular those that differ from the IPCC-and how this can affect the GHG benefits and costs attributed to bioenergy.
Results and assumptions made in available global biomass potential assessments vary significantly from study to study. One recent study compared the results from 19 bioenergy potential estimates (Thrän et al. 2010) . It shows that biomass potential estimates differ in the definition of potential that is considered (theoretical, technical, economical or implementable), the time horizon, the biomass sources included and the geographical resolution. Most of the analysed studies estimated the technical potential, but often studies do not clearly define which potential is analysed and which biomass sources are included in each biomass category. As a consequence, different types of potential have to be compared.
Among the analysed studies, the potential from energy crops is the most uncertain ( Figure 1 ). The amount of biomass and energy from energy crops depends heavily on future demand for arable land for food production and therefore on the competition between different uses of arable land (energy versus food production). The most important factors
State-of-the-art estimates on bioenergy potentials
influencing the demand for area allocated to food production are population growth trends, changes in food consumption patterns and increase of crop yields.
The potential from crop residues varies less among different studies, probably because the competition with food production has a smaller influence on this source. Concerning forest (woody) biomass, definitions of forest residues are the most inconsistent for producing reliable estimates. This is because some studies include thinning and logging residues, industrial production processes and waste, while others include the annual forest increment as well. Due to the different definitions, the studies show high variability of assessment of energy that can be produced for this source of biomass (from 0 to 150 EJ yr -1 in 2050).
Thrän et al. also summarise the regional distribution of bioenergy potentials by reporting the figures from six studies that included regional results (Figure 2 ). The review shows that developing countries will play a major role in bioenergy production in the future. However, the potentials are significantly influenced by the scarce data available and unstable political situations in these countries.
The study by Thrän et al. also provides a new assessment of technical potential from energy crops under three scenarios. The estimates include only non-food crops (silage of green fodder and grass, short-rotation coppices and hay) on agricultural land; degraded land is excluded.
The three scenarios are:
1. A business-as-usual development of food demand and cropland area that includes a constant annual deforestation rate of 0.24% of exisiting forest land; 2. A sustainable land use scenario, in which fallow land is progressively converted to crop production and deforestation is not allowed; and 3. An environment and health scenario, in which, in addition to the conditions in sustainable land use, a decrease of crop productivity is included (e.g. for increased organic farming) that is compensated by a decrease of food consumption in countries with high intake rates.
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Smeets et al. Biomass potential studies focus on the amount of available biomass from different sources (dedicated crops, residues, etc.) and therefore on bioenergy that will be produced globally at a certain point in time.
Little information is usually provided in these studies on the emissions released in the atmosphere when land use is changed to produce bioenergy. These emissions affect the GHG profile of bioenergy and therefore its contribution to climate mitigation.
A recent study by Havlík et al. (2011) As demonstrated in Bird et al. (2010) it is important to include dead wood, litter and soil organic carbon (DWLSOC) in the estimates of the emissions from land use change. In the example studies in this paper, not including these three pools underestimates the sequestration in afforestation and reforestation activities by 12% and underestimates the emissions from deforestation activities by 20%. Underestimating sequestration is 'conservative' since sequestration benefits the environment. However, underestimating emissions from deforestation is significant, and even more so in the case of biofuels since the majority of the predicted land use change due to biofuels is deforestation (Havlík et al. 2011) .
Methodology
The IPCC default methodology for emissions from soil organic carbon from land use change assumes a transition between equilibrium soil organic carbon (SOC) in the starting land use and the final land use. This transition occurs over 20 years. Potentially, another transition period occurs for the changes in litter and dead wood carbon stocks associated with a land use change as well. A stand-based model for a single afforestation or deforestation event is easy to calculate, and these models will be discussed in more depth in section 3.3. However, the combination of these models and multiple afforestation or deforestation events requires the use of a convolution model to calculate the emissions from dead wood, litter and soil organic carbon.
Convolution (Wikipedia 2011) is a mathematical operation involving two time-series; in our case, the land use change (LUC) events and a stand-based model representing a single land use change event.
The convolution operation involves:
1. Multiplying the stand-based model by the amount of the LUC event; and 2. Moving the starting point of the stand-based model to the time at which the LUC event occurs.
Land use change emissions including dead wood, litter and soil organic carbon
This is done for each LUC event, and the results of each operation are summed. Mathematically,
E LUC,t = LUC t * Stand LUC,t
Where: E LUC,t = emissions for a specific type of land use change, LUC t is the time series of land use change events, and Stand LUC,t is the emission time-series for a single land use change event.
Each of the components in this equation will be discussed in more detail below.
The land use change component
For the land use change component we have used results on global afforestation and deforestation from the GLOBIOM model (Havlík et al. 2011) . GLOBIOM provides estimates of land use competition between the major land-based production sectors and assesses the land use change impacts of biofuel production scenarios in terms of afforestation and deforestation. This study developed the land use change events for four future scenarios of biofuel production using a partial equilibrium economic model. The four biofuel scenarios are:
a. No biofuels are produced; b. Baseline (60% of biofuels produced are first generation and 40% are second generation); c. Only first generation biofuels are produced; and d. Only second generation biofuels are produced.
As well, for the second generation biofuels, three options were evaluated. Second generation biofuels are created from short-rotation forestry on agricultural land or on marginal land, or from existing forest lands.
Havlík et al also estimated the CO 2 emissions from land use change for the live biomass only. It assumed that agricultural practices do not affect soil carbon emissions and, in the case of deforestation, the total carbon contained in aboveground and belowground living biomass is emitted.
Compared to other studies of iLUC from biofuels, the GLOBIOM result is on the high side for emissions from land use change Figure 3 summarises the emissions from land use change due to first generation biofuels in various studies. However, these results are not directly comparable to the GLOBIOM estimate. The estimates shown in Figure 3 are for select biofuels for individual regions. The GLOBIOM estimates are for all biofuels due to global demand. Emissions due to land use change from living biomass only in the GLOBIOM first generation scenario are 92 g CO 2 -eq/ MJ. In Figure 3 , the values for individual biofuel crops range from large sequestration to 150 g CO 2 -eq/MJ. For comparison emission intensities of gasoline and diesel are 85.0 and 87.0 g CO 2 -eq/MJ respectively. For purposes of this paper, we focus on their results from the baseline scenario with the option that the biomass for second generation biofuels comes from existing agricultural land. The results from Havlík et al. (2011) Figure  5 ). Since the task in the work package is to add the emissions due to changes in DWLSOC, we will discuss the sensitivity of our results to the selected scenario from the GLOBIOM model only briefly.
The Havlík et al. study provides estimates of emissions due to changes of carbon stocks in live biomass (aboveground and belowground) at 2000 and 2030. The carbon stock changes are a sum of changes due to afforestation and deforestation. Our study adds:
• The interpolation of the emissions and land use change between 2000 and 2030; and • The emissions due to changes in dead wood, litter and soil organic carbon.
For the interpolation, we assume that the cumulative emissions and land use changes by year are proportional to the cumulative demand for bioenergy by year as calculated by the International Energy Agency (IEA 2010). The IEA has analysed three scenarios for future energy demand:
• New policies scenario, which assumes that fossilfuel subsidies are completely phased out in all netimporting regions by 2020 (at the latest) and in net-exporting regions where specific policies have already been announced; • Current policies scenario, which assumes that fossil-fuel subsidies are completely phased out in countries that already have policies in place to do so; • 450 scenario, which assumes that fossil-fuel subsidies are completely phased out in all netimporting regions by 2020 (at the latest) and in all net-exporting regions by 2035 (at the latest), except the Middle East, where it is assumed that the average subsidisation rate declines to 20% by 2035. For our interpolation, we have used demand projections for the 450 scenario because it most closely matches the production estimate for 2000 and 2030 in the GLOBIOM model.
Stand models
Estimates of the carbon emissions for removals in litter, dead wood and soil due to afforestation or deforestation have been added to the original GLOBIOM results. These emissions/removals are calculated as the difference of carbon stock in each of the three pools, before [C(0)] and after [C(1)] conversion. The carbon stock change is converted to CO 2 emissions/removals:
i : carbon pool (dead wood, litter or soil organic carbon).
The annual emissions/removals are calculated over a conversion period, which is the time needed to reach a new equilibrium once the land use is changed. 
Results
The results of adding the emissions due to changes in DWLSOC are shown in Figure 8 . The cumulative emissions due to DWLSOC from 2000 to 2030 add between 30% and 61% to the cumulative emissions from living biomass. DWLSOC emissions are between 23% and 38% of the total cumulative emissions from land use change due to biofuel production, that is, of the total emissions from all carbon pools. This value is very comparable to the example of deforestation from Mexico in . In Bird et al. (2010) , using a detailed carbon model, it was estimated that emissions from DWLSOC comprised 20% of the total emissions due to deforestation.
A recent report released by the Joint Research Centre also provides an estimate of GHG emissions from land use change caused by biofuel production . The study includes estimates of emissions from dead wood, litter and soil, but dead wood and litter are included in the figures for 'aboveground and belowground biomass carbon The results show that changes in soil organic carbon stock contribute about 15-20% of the total CO 2 emissions. It is reported that dead organic matter (dead wood and litter) represents about 5% of the ABCS on average in closed forests globally. Therefore, we can roughly determine that 20-25% of the total CO 2 emissions from land use change are attributable to carbon stock changes in DWLSOC. In Hiederer et al.(2010) , no effort is made to calculate annualised emissions from different carbon pools. All carbon stock changes are assessed as the difference of carbon stock before and after the conversion, and they are annualised over a period of 20 years.
Sensitivity to DWLSOC assumptions
The chosen default values and factors have a significant impact on the estimates of the land use change emissions/removals. As shown in Figure 8 , when high default values of carbon stock in dead wood, litter and soil are selected, the emissions from DWLSOC are almost double compared with low default values.
The results are also very sensitive to the type and number of carbon pools included in the analysis (Figure 9 ).
According to our estimates, the inclusion of the dead wood pool has a strong impact on the final results, with either high or low default values. However, when high default values are selected, the litter pool becomes the most significant source of emissions after living biomass. Soil organic carbon, instead, seems to be a marginal source of emissions. This might be due to the fact that soil carbon losses after deforestation are partially compensated by soil carbon gains in afforested areas, while we assumed that no litter or dead wood is accumulated by afforestation (i.e. short-rotation plantations). In addition, we assumed that carbon in litter and dead wood is emitted in the first year after deforestation, while soil organic carbon losses are distributed over a longer period (20 years). These assumptions might influence the contribution of different carbon pools on the overall land use emissions.
A change of the period on which soil carbon emissions are annualised has a negligible impact on the final results. For instance, if we assume that a new equilibrium of soil carbon stock is reached 50 years after deforestation, instead of 20 years after, no change of overall emissions from land use change is detected. However, when carbon stock changes in dead wood and litter are annualised over a period of 20 years, the total emissions from land use change decrease by 10-20% in 2030. In this case, the contribution of emissions from DWLSOC on the total land use emissions is 14% (low default values) to 24% (high default values), rather than 23% to 38 %.
With the addition of DWLSOC arises the question, 'will greenhouse gas emissions be reduced if globally we use biofuels in the amount predicted in place of fossil fuels?' We have answered this question by including the estimates of the GHG emissions from the cultivation, processing, transport and distribution of biofuels, the non-LUC components to the emissions due to LUC. For example, if corn is transformed into ethanol, the non-LUC components are the emissions for using machinery to plough the land, transport the biomass to the ethanol plant, convert the biomass to ethanol and distribute the ethanol to the consumer. There are also emissions from the use of inorganic nitrogen-based fertilisers that must be included. These emissions are usually included in a life cycle assessment (LCA) of the impacts of biofuels. It is important to note that emissions from the combustion of biofuels are not included in the calculation since, following the current IPCC accounting convention, they are included as emissions from land use change.
We have also calculated the emissions due to extraction, processing, transport, distribution and combustion of fossil fuels that the biofuels replace. For this calculation we have used published emission factors per unit energy of biofuel and fossil fuel consumed, listed in Appendix 2.
Emissions from biofuels compared to emissions from fossil fuels
The comparison excluding DWLSOC is shown in Figure 10 . We find that both biofuels and fossil fuels cause significant GHG emissions. The cumulative emissions from non-LUC are approximately 44% of the cumulative emissions due to changes of living biomass. In addition, the cumulative emissions from fossil fuels are greater than those from biofuels in 2024. Havlík et al. (2011) reported that between 10 and 27 years are required before recovery (by saving fossil fuel emissions) of the land use change emissions from individual biofuel actions. This is often referred to as carbon payback time. Other authors (Gibbs et al. 2008; Fargione et al. 2008; Searchinger et al. 2008) have reported payback times of individual land use changes of 10 to 400 years. Havlík et al. (2011) include the LCA emissions in their analysis, but the other authors do not. They also consider only the payback time of individual land use changes and not the impacts of the global biofuel demand. Both of these factors are included in our study.
When DWLSOC are included ( Figure 11 ) one sees that the cumulative total emissions from biofuels, including LUC and non-LUC, are always greater than the fossil fuels they replace. This may appear to contradict the previously cited studies. However, it is important to recognise that even though an individual land use change has a payback time, the time series for the policy may not ever reach payback if the bioenergy consumption is always increasing. This is analogous to deficit spending by credit-card holders whose incomes are increasing but who continue to put purchases on the credit card without paying off the balance. They fall farther and farther behind until the increase in their spending falls behind their growth in income.
Sensitivity to Life Cycle Assessment assumptions
The life cycle assessment (LCA) emission factors are not accurate (see Appendix 2) However, the major The major variation in cumulative emissions is caused by the assumed scenarios. The different scenarios come from the Havlík study and are not part of this paper. However, for completeness, a brief discussion of the sensitivity to scenarios is given in Appendix 1.
Pena et al. (2011) described and evaluated a range of alternative accounting systems for bioenergy. The text that follows is a recapitulation of this activity and is provided for readers not familiar with that publication.
There are three basic philosophies underlying the accounting of GHG emissions from bioenergy:
• Combustion factor = 0: CO 2 emissions produced when biomass is burned for energy are not counted at the point of combustion; the emissions are accounted for in the land use sector as carbon stock losses; • Combustion factor = 1: CO 2 emissions produced when biomass is burned for energy are counted at the point of combustion; emissions are accounted for in the energy sector; uptake of CO 2 from the atmosphere by plants and soils may, or may not, be accounted for.
• Value-chain approaches: End users are responsible for all or a specified subset of emissions that occur along the bioenergy value chain regardless of where these emissions occur.
Value chain approaches can use (1) calculated emissions to determine whether bioenergy is eligible to meet a regulatory requirement or (2) the calculated emissions to derive a combustion factor potentially other than '0' or '1' to be used in conjunction with combustion emissions.
The concept underlying the 'combustion factor = 0' approach is that as long as sufficient biomass grows to replace combusted biomass (bio-CO 2 equals or exceeds bioenergy CO 2 ), there are no atmospheric consequences: the atmospheric CO 2 burden will not rise. The atmospheric burden only increases if harvesting exceeds growth, in which case a reduction in carbon stocks occurs, and the system assumes this reduction will be registered in the accounting system. As long as carbon stock reductions do not occur, or do not appear in the accounting, no emissions are attributed to use of biomass for energy. The system used for reporting under the UNFCCC, and subsequently adopted for accounting under the Kyoto Protocol, in essence multiplies the CO 2
Accounting using alternative systems
emissions that occur when biomass is combusted for energy by zero and relies on counting changes in carbon stock levels in the land use sector to measure the atmospheric impact of biomass use.
The basic alternative to using a 0-combustion factor is to treat emissions from biomass in the same way as emissions from fossil fuels. Emissions from use of fossil fuels are accounted for at the point of combustion (i.e. a combustion factor of 1 is applied to CO 2 emissions). Pena et al. (2011) discussed two accounting options under this general approach: tailpipe and point of uptake and release (POUR).
Tailpipe: We use the term 'tailpipe' for a system in which only the flows to the atmosphere are considered; changes in carbon stocks are not included in the accounting. Under this accounting system, emissions from bioenergy are treated in the same way as emissions from fossil fuels, where the change in stocks plays no role. The biomass consumer uses an emission factor of '1' for CO 2 emissions when the biomass is combusted. No measurements of carbon stock changes need to be undertaken to determine the impact of biomass use for energy. Only the flows to the atmosphere from bioenergy combustion appear. If carbon stock reductions were to be accounted for, the system would need to include a mechanism to avoid double counting of the emissions due to use of biomass for energy.
Point of uptake and release (POUR):
Under POUR, net CO 2 uptake or emissions by plants from the atmosphere is accounted for. This is the sum of carbon stock changes in the landscape plus carbon removed from the landscape for all purposes (i.e. carbon removed by plants from the atmosphere that is embodied in products). Since total CO 2 removed is accounted for under POUR, it is appropriate to account for all returns of carbon to the atmosphere-both from combustion and decay of biomass products-when and where they occur. Both tailpipe and POUR account for the emissions due to combustion of bioenergy, but POUR also accounts for the net emission removals Abbreviations: AFR = sub-Saharan Africa, CPA = centrally planned Asia, EEU = Central and Eastern Europe, FSU = Former Soviet Union, LAM = Latin America, MEA = Middle East and North Africa, NAM = North America, PAO = Pacific OECD, PAS = Other Pacific Asia, SAS = South Asia, WEU = Western Europe.
from plants. POUR also differs from 0-combustion systems in its approach to accounting for land-sector emissions and removals.
Under POUR the biomass producer accounts for all carbon taken up through growth and the consumer accounts for emissions from combustion of biomass. Contrary to common belief, one does not need to measure fluxes to and from the atmosphere in this accounting system. The total CO 2 uptake at the biomass production point can be estimated by adding carbon stock change between year t 0 and t 1 to the total amount of biomass embodied in products of all types, i.e. consumers of biomass for food and long-and short-lived wood products as well as for energy. Including the biomass embodied in products minimises the chance of double-counting emissions for bioenergy consumption and stock changes.
In value chain systems, CO 2 emissions and removals that occur throughout the entire production, conversion, transportation and consumption processes are considered the responsibility of the consumer. A value chain approach is similar to a LCA except it considers more than just GHG emissions. It includes, for example, details of production or conversion processes, energy balances, inflows and outflows of materials, and environmental impacts of waste disposal. Value chain approaches in the climate context only consider GHG emissions and removals; they do not need to consider either conversion process details or material inflows and outflows.
Value chain approaches may estimate or measure net increases or decreases in carbon stocks due to land use or management changes; emissions due to cultivation, including emissions due to use of fertilizers, liming and tillage; emissions due to harvesting operations and transportation to a conversion facility; emissions due to conversion processes, including from fossil fuels and fermentation; transportation to distributors or end users of fuels; and emissions due to combustion. the biofuels, since it does not include any emissions or removals (sequestration) from LUC caused by biofuels.
In IPCC, POUR and value-chain accounting, the amount of emissions from biofuels allotted to the consumer of the biofuels varies from left to right in the table. In the IPCC accounting approach, the consumer has the least emissions, because the emissions from LUC and LCA emissions from production of the biofuels are the responsibility of the producer. In the POUR system, the emission burden caused by biofuels shifts. The consumer is responsible for the emissions due to combustion of the biofuels, and the producer is responsible for the LCA emissions for production. The producer is also responsible for the emissions from land use change, but the producer is allotted the sequestration of the carbon in the biofuels. Finally, in a valuechain approach all emissions are the responbility of the consumer.
With this conceptual basis in mind, it is possible to explain the differences between IPCC, POUR and value-chain accounting that occur for various regions.
Latin America sees a large decrease in emissions from IPCC to POUR since, in the Havlík study, Latin America it is a large producer of biofuels. Hence, the large emissions from land use change in the IPCC accounting approach are reduced by the carbon embodied in the produced biofuels in the POUR approach. When switching to a value-chain accounting system, the land use change emissions become the burden of the large consumer of biofuels (North America and Western Europe).
Centrally planned Asia, North America, Pacific OECD, South Asia and Western Europe, as predominantly consumers of biofuels, see an increase in emissions when switching from an IPCC to a POUR to a value-chain accounting approach.
Two regions show more complicated changes when switching accounting systems. Sub-Saharan Africa in the GLOBIOM model is a limited consumer (not a producer) of biofuels. However, some emissions from land use change occur as a result of biofuels. This land use change is not to produce biofuels directly. It is land use change to increase food production caused by a loss of food production in another region as a result of the introduction of biofuels. As a result, a switch from IPCC to POUR results in an increase of emissions due to the emissions from the combustion of biofuels. Under a value-chain accounting approach, the emissions decrease since this region does not consume much biofuel. Other Pacific Asia shows a similar change under the different accounting approaches. However, this region does not consume any biofuels in the GLOBIOM model. Figure 13 shows graphically the emissions from fossil fuels and biofuels by region under different accounting systems. It shows that under the IPCC accounting system, consuming regions (centrally planned Asia, North America, sub-Saharan Africa and Western Europe) benefit greatly and will claim an emission reduction. On the other hand Latin America, the main producer, is burdened with a large amount of emissions under the IPCC approach. Using POUR accouting, Latin America still has large emissions, but it does not underwrite the emission reductions by the consuming regions. The consumer regions still see a reduction of emissions when compared to fossil fuels.
Each of the accounting systems has benefits and drawbacks. We believe that POUR most realistically allocates the emissions and removals to the regions where they actually occur. In addition, only emissions and removals that are under control of a region are allocated to the region. However, POUR may result in a disincentive for bioenergy. For a more in-depth assessment of the benefits and drawbacks of each accounting system, including possible influences on incentives, please see Pena et al. 2011.
Partial participation
As pointed out by Searchinger et al. (2008) and Pingoud et al. (2010) , the IPCC system does not work well under the Kyoto Protocol because it does not account for many land-sector emissions. Landsector emissions fail to get counted in:
1. Non-Annex I countries because they do not have accounting obligations; 2. Annex-I countries that have not ratified the Kyoto Protocol (e.g., the United States); and 3. Annex-I countries that have ratified the Kyoto Protocol where emissions occur: a. Due to management changes in nations not electing to report emissions from management of, for example, forest, grassland and agricultural lands; 1 and b. Due to deforestation that occurs in nations experiencing stable or net gains in land area. Emissions due to deforestation tend not to be reported in this situation because most forest inventories only report net changes in forest area; reforestation and deforestation are not reported separately.
In this section, we analyse the emissions assuming partial participation by regions. Two options are analysed:
• Only current Annex I countries participate; and • Annex I countries participate and non-Annex I countries are responsible for emissions from land use change. The POUR and value-chain accounting systems perform better than the IPCC approach if one assumes partial participation. These two systems would account for 364 and 577 Mt CO 2 eq respectively. Clearly they are better than an IPCC approach, but still short of the actual cumulative emissions caused by biofuels (POUR would capture 38% and value chain 59% of actual emissions).
Only Annex I countries participate
Annex I countries participate and non-Annex I countries are responsible for emissions from land use change.
With the ongoing international negotiations on reducing emissions from deforestation and forest degradation (REDD), it is instructive to analyse the effectiveness of various GHG accounting systems Data are assuming that non-Annex I countries are responsible for emissions and removals from land use change.
To calculate the emissions from this potential accounting situation, the IPCC and POUR emission estimates from Annex I regions would remain the same as previously calculated. Emissions for nonAnnex I regions would be reduced by the LCA emissions for the production of the biofuels.
In a simple value-chain approach, all emissions along the value chain are the responsibility of the consumer. By including emissions that occur in nations without GHG obligations as well as those due to international transport, value chain approaches can report actual global emissions regardless of whether or not a producing nation has a GHG obligation. However, where a simplistic value chain approach is instituted for bioenergy in nations addressing emissions more generally through a domestic GHG cap, this procedure is prone to double counting. For example, in the case where non-Annex I countries are responsible for emissions from land use change, a simple value-chain approach would double count these emissions.
A solution to this problem has been proposed by DeCicco (2009) . He suggests that any emissions that would be reported elsewhere in a GHG accounting system are omitted from the bioenergy value chain. In this accounting scenario, non-Annex I regions are responsible for emissions from land use. These should not be included in the value chain estimate for emissions due to the consumption of biofuels by Annex I regions. Table 3 show our estimate for the allocation of cumulative emission by region under different accounting systems, assuming that Annex I countries fully participate and non-Annex I countries are responsible for LUC emissions. Since responsibility is being accepted for more emissions than the previous scenario, it is not surprising that the sum across regions is closer to the actual amount.
In this accounting scenario, the DeCicco estimate for non-Annex I regions is essentially the same as in the IPCC accounting approach. For Annex I regions, the estimate of emissions is equal to its emissions from land use change plus a component of all LCA emissions in proportion to the amount of biofuel consumed. Assuming that Annex I countries fully participate and non-Annex I are responsible for LUC emissions The goal of Activity 2.1 in the Europe Aid Project 'Bioenergy, sustainability and trade-offs: Can we avoid deforestation while promoting bioenergy?' is to create an improved analysis of the potential of sustainable forest-based bioenergy for climate change mitigation.
To do so we have improved on an existing estimate of land use change and GHG emissions from biofuels by:
• Adding emissions from DWLSOC to the existing emission estimate; • Adding a sensitivity analysis of emissions to both the assumed DWLSOC carbon stocks and life cycle assessment of the non-LUC emissions; • Investigating different options for accounting for the emissions from production and combustion of biofuels; and • Investigating the timing of total GHG emissions from biofuels (production chain and land use change emissions) in comparison to the LCA emissions from fossil fuels by presenting time series rather than cumulative emissions over a given time frame.
It is clear from previous studies (Havlík et al. 2011) that the emissions from biofuels are dominated by the assumed amount of uptake of biofuel from lignocellulosic material. Havlík et al. found that the emissions from biofuels can vary by more than an order of magnitude depending on assumptions about the adoption of technology to create liquid biofuels from cellulosic material (second generation biofuels). This conclusion is beyond the scope of our analysis. Nevertheless, we restate it here so that our conclusions can be viewed with the right perspective.
The importance of dead wood, litter and soil organic carbon As pointed out in Bird et al. (2010) , including DWLSOC in the estimate of emissions from the adoption of biofuels is important. The significance is directly related to the amount of deforestation predicted by the LUC model. In the GLOBIOM
Conclusions
model, the land use change for three biofuel scenarios and a no-biofuels scenario are estimated. The scenarios are:
• No biofuels • Baseline (60% first generation and 40% second generation biofuels); • First generation only; and • Second generation only.
In this paper, we have focused on the baseline scenario. Here we found that including DWLSOC increased land use change emissions from biofuel production by 21% when biofuels are produced on agricultural land. For the first generation scenario, we found that the inclusion of DWLSOC added 16% to the total emissions. In the second generation scenario, adding DWLSOC increased sequestration by 13%.
Sensitivity to DWLSOC and LCA parameters
Land use change, from living biomass and DWLSOC, comprises about 80% of total cumulative emissions from the production of biofuels. DWLSOC alone accounts for about 15% of total cumulative emissions. The DWLSOC default values from the IPCC are quite uncertain (usually ± 50%), and the estimate of total cumulative emissions is quite sensitive to this uncertainty. On the other hand, even though emissions from the non-LUC component are quite substantial, about 25% of total emissions, the non-LUC parameters are more accurate than the DWLSOC default values. The total cumulative emissions are less sensitive to this uncertainty.
We have documented the sensitivity to DWLSOC and LCA parameters by performing the analysis with low and high DWLSOC parameters. These extremes vary the estimate of total cumulative emissions by 20%. To understand the sensitivity to LCA parameters, we used a Monte Carlo simulation. We found that the estimate of total cumulative emissions from biofuels was rather insensitive to LCA parameters.
Alternative accounting approaches
The accounting approach for bioenergy currently adopted by the IPCC and international community does not allocate emissions from the combustion of bioenergy in the energy sector. Rather, emissions from bioenergy are included in the land use sector if the bioenergy causes decreases of carbon stocks. However, there are alternative accounting approaches that should be considered. In Pena et al. (2011) , alternative accounting approaches were described and assessed.
As presented in this paper, we find that the IPCC accounting approach:
• Does not properly allocate emissions to the region in which they occur; and • Very poorly captures the true emissions from the adoption of biofuels if only Annex I countries participate in an accounting target.
The POUR accounting system, on the other hand:
• Properly allocates emissions to the region in which they occur; and
• Captures more, though still not all, of the true emissions from biofuels in a system with partial participation by regions.
The best accounting under partial participation is by value-chain accounting systems.
The importance of considering the timing of emissions rather than just the LCA approach Perhaps the most striking result is that emissions from the adoption of biofuels globally in the GLOBIOM 'baseline' scenario (60% of biofuels are first generation, 40% second generation) are more than the emissions from fossil fuels that they displace even though bioenergy for an individual action saves emissions in the long term. This result occurs only if one analyses the timing of emissions and not life-cycle emissions. It occurs because every addition of biofuels causes an associated emission with a 'payback' period. However, if the growth of biofuel consumption is large, the year-over-year emissions from biofuels may always be more than from the fossil fuels they are intended to displace. The major variation in cumulative emissions is caused by the land use change scenarios that come out of the GLOBIOM model (Havlík et al. 2011) . This study developed the land use change events due to four biofuel scenarios using a partial equilibrium economic model. The four biofuel scenarios are:
a. No biofuels; b. Baseline (60% first generation and 40% second generation biofuels); c. First generation only; and d. Second generation only.
Three options were also evaluated for second generation biofuels. These are created from shortrotation forestry on agricultural land or marginal land or from existing forest lands.
Appendices
In the main text of our report, the analysis is based on the 'baseline' and 'no biofuels' scenarios. Figure 14 displays the sensitivity of the cumulative emissions from fossil fuels and biofuels to the assumed scenarios. As shown, the cumulative emissions are very sensitive to the scenario. The first generation scenario results in cumulative emissions in 2030 that are almost twice those of fossil fuels (191%). In the baseline scenario, the focus of the main body of our report, biofuels emissions are 14% more than those of fossil fuels. Finally, if all biofuels come from second generation processes, the cumulative emissions from biofuels are 12% of the fossil fuel emissions. Cumulative emissions (MtCO eq)
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